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Accepted Sep. 5, 2025 A systematic study was conducted to evaluate the corrosion behavior of a novel

Online Nov. 12, 2025 magnesium alloy, Mg—Nd-Fe-B, incorporating varying percentages of
neodymium magnet scrap. Immersion tests were performed in a sodium chloride
(NaCl) solution at room temperature to assess corrosion resistance. The objective
was to enhance the corrosion resistance of a new family of lightweight ternary
alloys within the Mg—Nd-Fe—B system. X-ray diffraction (XRD) was employed
to identify the crystalline phases, while scanning electron microscopy (SEM) was
used to examine the microstructure of samples before and after corrosion. The

alloys primarily consisted of a-Mg and Nd:Fe.4B phases. Post-corrosion analysis
revealed the presence of corrosion products rich in rare earth elements, with the
dominant phase being a solid solution of magnesium and neodymium. Corrosion
testing showed the formation of a black, neodymium-based surface layer, which
acted as a protective barrier. The corrosion rate decreased significantly with
increasing magnet scrap content, with the optimal composition (approximately 30
wt%) achieving an 87.3% reduction in corrosion rate compared to alloys with
lower magnet content. Additionally, Vickers hardness testing demonstrated a
notable improvement in hardness, further supporting the alloy’s suitability for
engineering applications. These findings highlight the beneficial role of rare earth
elements, particularly neodymium, in improving both the corrosion resistance and
mechanical properties of magnesium-based alloys.
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1. Introduction

It is well known that magnesium, the lightest of all structural metals in use today, possesses a density in the
range of about 1.74 g/cm?, thereby presenting a strong competitive advantage for applications demanding light
weighting, including the aerospace, automotive, and portable electronic devices industries [1]. It also has
excellent mechanical characteristics, i.e., vibration damping, shock absorption, and machining. Yet, one of the
most important barriers to using magnesium in various industries is its susceptibility to corrosion, especially in

This work is licensed under a Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/) that allows others @ @
to share and adapt the material for any purpose (even commercially), in any medium with an acknowledgement of the work's
authorship and initial publication in this journal.
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the presence of chloride ions [2], [3].

To overcome these problems, alloys have been developed that are provided with components increasing
structural and chemical properties. Rare-earth elements (REE), including neodymium (Nd), are one of the
most popular additions for improving corrosion resistance. The introduction of neodymium in magnesium
alloys leads to its precipitation in other phases (Mgi2Nd, Mg«Nds), supporting the modification of grains and
impeding the penetration of the corrosive medium [4], [5].

Recent investigations have found the possibility of neodymium to also generate quite stable corrosion
products (e.g., Nd(OH)s), which would be able to reduce the global corrosion rate by restricting the contact of
the metal with the oxidizing solution [6], [7]. These stages also contribute to increased structural homogeneity
and a reduction in the number of localized corrosion points, also very important in applications demanding
high long-term reliability.

Furthermore, particularly iron (Fe) and boron (B) are becoming more and more important alloying additions.
While usually regarded as an undesirable element in Mg alloys (due to the formation of galvanic cells that
exploit the difference in potential along the grain boundaries and thus accelerate the corrosion rates) [8], [9].
Careful regulation of the concentration of the Fe and combination with B can result in stable Fe2B or
Nd2Fe14B phases that change the microstructure and the corrosion behavior [10].

By adding a different magnetic component, the Fe-B compound, to the Mg-Nd-Fe-B alloy, the microstructure
changes greatly. However, it was reported that such an adjustment results in a better size of crystal grains, a
solid solution of component metal, and a more consistent distribution, which can improve the properties of
corrosion resistance properties of the alloy [11], [12]. Zhenzhen Gui et al. studied the corrosion behavior of
the as-cast and solution-treated Mg-xGd-1.5Nd-0.5Zn-0.5Zr alloys. The research concluded that the corrosion
resistance of the solution-treated Mg-3Gd alloy attained the lowest value (0.973 mm/yr), due to the large
quantities of ZnZrx with a flower-like phase distribution, forming a series of galvanic couple groups with the
o-Mg [13].

The aim of this research is to develop Mg-Nd-Fe-B alloys for various applications, such as automotive
components, electronic devices, and smartphones, as well as to investigate the effect of the content ratio of
magnet on the corrosion characteristics of the Mg-Nd-Fe-B alloys. Also, to understand the fundamental
aspects of the corrosion behavior of the newly developed Mg-Nd-Fe-B alloys, and most importantly, recycling
NdFeB scrap through this method can reduce the overall cost of producing Mg-Nd alloys. Adding magnesium
can enhance certain properties of the Nd-Fe-B magnet, potentially leading to better performance in specific
applications or environments.

2. Experimental procedure
2.1. Materials

Magnesium powder was obtained from Maclean Company, and neodymium magnets were obtained by
collecting a quantity of scrap hard disks, which were dismantled, and the magnets were removed.

2.2. Testing instrumentations

The instruments were: a planetary ball mill, a pressing mold with a diameter of 1 cm and a height of 4 cm, a
hydraulic press with a pressure of 10 tons, and a vacuum electric oven, NQM-0.4 Model planetary ball mill
(Yangzhou Nuoya Machinery Co., Ltd.), particle size analyzer nano brook (90 Plus), Brookhaven Instruments
Corporation Mineral, Manual Hydraulic Press (Han14468), MTI, Tube Furnace GSL 1600X from Lab World
Group USA, Potentiostat/Galvanostat Corr test model CS350M, Chi. All of the above are available at the
University of Technology, Nanotechnology Advanced Materials Research Centre, Baghdad, Iraq. The Axia
Chemi SEM is a product of Thermo Fisher Scientific, a global company. XRD is a product of Malvern
Panalytical, a spectroscopy company. The Digital Micro Vickers Hardness Tester TH714.
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2.3. Collection and preparation of magnet scrap

After obtaining a set of non-working hard drives, the screws and outer covers were removed. A neodymium
magnet is located inside the disk. After obtaining a group of magnets, we remove the outer layer of nickel
plating using a scraping process. The demagnetization process was carried out at 300, 350, 400, and 450°C for
15 and 30 minutes, respectively. The magnets are very fragile and thin, and can be broken easily. The scraps
were crushed and milled in a lab. A ball mill MTA, USA) at 450 rpm for 60 minutes to produce a fine particle
size was then analyzed for the particle size and composition. The amount of nickel and remaining metal
content in the magnets is determined by energy dispersive X-ray spectroscopy (EDX).

2.4. Mg-Nd-Fe-B alloy preparation

Magnesium powder was sourced from Maclean Company and was further milled using a planetary ball mill to
achieve a fine particle size. Neodymium magnet powder was obtained by collecting several magnets from
decommissioned hard disks, crushing them, and grinding them using a planetary ball mill to obtain a powder
with a particle size of 64.4 nm. The alloys were incorporated in variable proportions of magnet: 3%, 4%, 10%,
20%, and 30%. The mixture underwent homogenization using a vibrating device. The pressing was done using
a mold with a diameter of 1 cm and a height of 4 cm. This mold was placed in a hydraulic press operating at a
pressure of 8 tons. Following the extraction of samples, which was presented in Figure 1, the sintering process
was conducted using a vacuum electric oven model GSL1600 X from MTI Corporation.

The compressed samples, which contained different percentages of neodymium magnet scrap powder, were
placed in small alumina crucibles, and the sintering process was executed at a temperature of 500°C for 1
hour, followed by cooling within the oven. The preparation of samples for examination via scanning electron
microscopy involved the use of silicon carbide paper, ranging from grit 400 to 1000. Smoothing began with
the course 400 grit paper and utilized water for residue removal, with the sample being rotated 90 degrees at
each progression between different grits. Once this was completed, the samples were washed with water, and
polishing was carried out using a polishing device equipped with a specialized cloth affixed to a rotating disc,
along with polishing paste.

This procedure continued until all smoothing lines were eliminated and the surface achieved a mirror-like
finish. Subsequently, the samples were rinsed with water and alcohol, then dried using a drying device. An
etching solution was prepared, consisting of 1 mL of HNOs, 24 mL of water, and 75 mL of ethylene glycol,
placed in a watch glass. Each sample was immersed in this solution for 3-5 seconds, removed, and washed
with water and alcohol, followed by drying until ready for examination [14],[15].

I |

Figure 1. Samples of Mg-Nd-Fe-B alloys

2.4.1. Corrosion testing methods

Potentiostat/Galvanostat Corrosion test model CS350M is used to measure polarization resistance and the
corrosion rate. The method of operation is summarized by preparing the three electrodes inside the corrosion
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cell, then connecting the three electrodes to the connections of the corrosion device. We press the power
button on the device, then turn on the calculator in the device, then click on the CS Studio icon, and finally,
the OCP examination process is performed on the sample. A 3.5% sodium chloride saline solution was
prepared and placed in the designated place within the apparatus. One-centimeter-diameter and one-
centimeter-high cylindrical samples were immersed in the solution for 15 minutes, and the corrosion current
and corrosion rate were calculated using the same device.

3. Results and discussions

3.1. Magnet characterization

The milled demagnetized permanent magnet waste was analyzed using EDX. The illustrated samples that
were demagnetized predominantly comprise the elements Fe and neodymium, together with small amounts of
boron, dysprosium, and praseodymium, as listed in Table 1. The EDX analysis, as shown in Figure 2, shows
the presence of particles of irregular shape. These results are in agreement with those reported by [16].

a1y

Figure 2. FE-SEM image & EDX analysis of the NdFeB magnet powder

Table 1. Chemical composition of NdFeB magnet waste (EDX analysis)

Element B Cr Fe Co Ga Nb Ce Pr Nd Gd Dy Ho Ni Zr
Weight% 1.7 0.1 621 01 02 10 13 22 29 005 1 06 20 095

3.2. X-ray diffraction (XRD) analysis for magnet scrap

The X-ray diffraction (XRD) pattern of an NdFeB, as shown in Figure 3, predominantly indicates the presence
of the Nd:FeisB tetragonal phase, which is the principal magnetic phase responsible for the material's
profound magnetic properties. The peak positions, represented by the 20 values, along with their relative
intensities, may be systematically compared with those established by JCPDS #40-1028. In neodymium iron
boron magnets, the significant diffraction peaks in the XRD patterns are typically located at the following 26
values: 24.20°, 33.23°, 35.70°, 40.95°, 49.57°, 54.20°, 62.58°, 64.15°, and 72.14°. These peaks correlate with
the 012, 104, 110, 113, 024, 116, 214, 300, and 1010 reflections of the Nd.FeisB tetragonal crystalline
structure. The study confirms prior findings about [17], [18].

Furthermore, peaks observed at approximately 44.02° and 49.62° are indicative of the Nd.Fei«B phase. The
pattern also reveals peaks corresponding to other minor phases, including Nd-rich phases (for instance, Nd or
Nd203) [19].
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Figure 3. (XRD) Pattern for NdFeB magnet scrap

3.3. Particle size analysis

The particle size of magnet powders plays a significant role in determining the microstructure and,
consequently, the physical and magnetic properties of Mg-Nd-Fe-B alloys. While much of the research
focuses on Nd-Fe-B systems, the principles extend to Mg-containing variants, particularly regarding sintering,
grain growth, and phase distribution. Referring to Figure 4, the grain size is equal to 64.4 nm, which is a very
suitable value for alloying with magnesium [20].
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Figure 4. Particle size of the neodymium magnet scrap

3.4. Corrosion of pure magnesium

Mg has a relatively high corrosion rate in comparison with many structural metals, and pitting corrosion, as
shown in Figure 5, is the most problematic type of corrosion in this metal. Pitting corrosion is a very localized
and aggressive form of corrosion that can initiate through a passive film or surface covered by a thin corrosion
product film. The pit is characterized by its small diameter. When the thickness of a barrier-like protective
oxide decreases due to localized removal, local erosion of the base material might occur, leading to the
formation of small deep pits in it. Thus, pitting corrosion has to be considered an accelerated form of the first
stage of localized attack. Pitting causes damage to the metal surface [21], [22].

A 3000kV 300x  113mm | 40

Figure 5. FE-SEM images for the pitting corrosion of pure magnesium at 300x and 10,000x magmﬁcatlon
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3.5. Microstructure and phase transformations in Mg-Nd-Fe-B

Microstructures in Mg-Nd-Fe-B alloys are fundamentally a function of the processing. These alloys, as shown
in Figure 6, typically contain two main phases: an a-Mg phase with a hexagonal close-packed structure and an
Nd:FesB phase with a tetragonal structure occurring in various structures such as grains, grain boundaries,
and twins alongside Nd-rich and Fe-rich phases before corrosion. The additional complex microstructure of
the precipitates and the voids in the alloys is tailored to improve the properties for a given application. The
soft Nd-rich and Fe-rich phases in bulk magnets boost coercive force through intricate phase interactions,
refining the magnetic characteristics. Understanding and optimizing these features is essential for enhancing
the performance of Mg-Nd-Fe-B alloys across technological contexts. These alloys possess a vast phase

regime and can be observed based on the respective phase diagrams [23].

The formation of the phases is dependent on the composition as well as the temperature. Phase diagrams
illustrate the temperature window where an individual single, double, or triple phase region can be observed,
and based on these phases, the formation of a particular phase can be anticipated. Understanding phase
transformations is mainly important because they affect the properties of the material, and during high-

temperature operation, it is imperative for the stability and reliability tuning of the materials [24].

As described, the phase diagram is based on the individual compositions of the elements and MgO, but if we
need to have some idea, we could consider the binary systems and individual phase understanding. The
individual understanding of the phases can be reflected through available presentations, such as solid-solution
transformation, peritectic reactions, eutectic reactions, solvus lines, miscibility gaps, and so on, collectively,
where a large range of materials can be studied. The magnetic behavior can be enhanced through a distinct
phase ratio because particular phase regimes are generally better compared to others, and a large Nd2Fe14B
phase is expected to have a minimal amount of a-Mg, along with the alignment of the grains in the
predominantly textured Nd2Fe14B. Moreover, these materials can be thermally treated to realize their optimal

magnetic performance [25].

WD b det
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Figure 6a. 3% magnet
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Figure 6. Microstructure of Mg-Nd-Fe-B alloys with variable magnet content at 300x and 10,000x
magnification for each magnet content

3.5.1. Analysis of Mg-Fe-Nd-B alloy using X-ray diffraction (XRD)

XRD determined the Mg-Fe-Nd-B alloy crystal structure. XRD patterns, as shown in Figure 7, were plotted
using diffractometer data. JCCPDS data were used to compare the Nd2Fe14B and a-Mg peaks. The JCPDS
card number for Nd2Fei«B with a tetragonal structure is JCPDS #40-1028 and a-Mg (JCPDS card No. 35-
0821), which is a hexagonal close-packed (HCP) structure [26].
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Figure 7. XRD analysis for Mg-Nd-Fe-B alloy at 4% magnet content
3.5.2. Corrosion behavior of Mg-Nd-Fe-B alloys with varying magnet content

After the addition of the rare earth elements Nd and intermetallic phases like FesB, through specific
methodical tests and results discussed in this research. The Nd-rich phase was found in the SEM as it forms in
the composite of the alloy Mg-Nd-Fe-B boride phase, which is are compound formed by combining
neodymium and boron, such as NdBs, NdB4, and Nd2Bs. These borides are known for their hardness, high
melting points, and metallic-like conductivity, making them useful in various applications. On the whole, this
phase has been significantly added to the anodic phase, which improves the resistance of the Mg phase, thus
stabilizing the Mg alloys. As shown in Figure 8, it can be seen that corrosion products appear as black and
white regions on the surface of the magnesium, indicating dense (or compact) and porous corrosion products,
and they are uniformly distributed over the entire magnesium surface. This conclusion is in line with recent
findings in the field [27].
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This means that the entire surface of the tested materials is covered with corrosion products. In addition, the
corrosion products deposition on the naked substrates makes the creep effect of the corrosion products
impossible. The visibility of corrosion products in “heaps” and not in a layer means that they will not crack or
peel off; therefore, the growth of products was seen with visible pores. This study reinforces previous work
on the topic [28]. These findings clarify that Nd-Fe-B incorporation into magnesium is the most advantageous
compared to the magnesium matrix for corrosion resistivity. The fraction of a second phase in a solid substrate
developed during processing has a dramatic effect on corrosion stops. Changes in the fabric of grain
boundaries and their junctions with progressively finer grain size, increasing amounts of sub-structuredness,
and increased tortuosity have a comparable effect [29], [30]. The increasing concentration of the rare earth
by 3, 4, 10, 20, 30% decreases the current of corrosion lo. The 30% Nd-Fe-B addition ratio has the best
corrosion resistance because of its highest pitting potential, low corrosion current density, reasonable
compactness, and narrow and deep penetration shape of corrosion products.
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Figure 8b. 4% magnet
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Figure 8. Microstructure of Mg-Fe-Nd-B alloy after immersion in 3.5% salt solution with variable magnet
content at 300x and 10,000x magnification for each magnet content
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3.5.3. Polarization resistance (Rp)

The polarization resistance, Rp, of an electrode is specifically defined as the slope of the potential (E) versus
the current density (i,) around the corrosion potential (Ecorr). This crucial parameter is essential for gaining
insights into the electrochemical behavior and overall performance of the electrode. It indicates the resistance
that the electrode surface exhibits to current flow when it is slightly perturbed from its equilibrium state,
which is vital for evaluating corrosion rates and predicting long-term stability of materials in various
environments. The values of Rp have been calculated from Equation 1 [31].

_ ba bc (1)
2.303(ba+bc)icorr

Where ba and bc represent the anodic and cathodic Tafel slopes, respectively. Rp was calculated as in Table 2,
which allows for better design and utilization of electrodes in practical applications. Magnesium and
neodymium have relatively close standard electrode potentials, and both are nobler than iron, but more active
than boron [32].

Table 2. Corrosion test results for Mg-NdFeB alloy samples

Miinet ba(mv) be(mv) i, Amps/cm? rgz;zzs:) E. (volts) Rp qem’ +10°
0 43.987 30.531 12.006E-06 0.14084 -0.86285 0.65
3 320.46 159.69 9.1158E-06 0.10694 -0.4151 5.08
4 151.08 225.72 6.4964E-06 0.07621 -0.3934 6.04
10 315.38 169.58 6.1563E-06 0.072221 -0.34951 7.77
20 310.9 156.46 5.0766E-06 0.059554 -0.32842 8.90
30 67.999 127.875 1.532E-06 0.01792 -0.18477 12.58

It is possible to correlate some observed differences in the polarization resistance of the samples with their
alloy composition. As shown in Figure 9. Samples with the lowest alloying element concentration demonstrate
the lowest resistance against corrosion. On the other hand, samples with the highest nominal alloying element
concentration, 30% of NdFeB, demonstrate the lowest corrosion rate of 0.0179 mm/a (millimeters per year).
Tafel area as shown in Figure 10. and a corrosive region in the active state, electrode responses to changes in
potential are slow until the limit of the Tafel region [33].
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1.20E-05

1.00E-05
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magnet content %

Figure 9. The relation between the current density of Mg-NdFeB and the percentage ratio of
the magnet content
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Figure 10. Polarization curve for Mg-Nd-Fe-B alloy with different NdFeB magnet content: (a) pure Mg, (b)
3% (c) 4%, (d) 10%, (e) 20%, (f) 30%

3.5.4.

Influence of alloy composition on hardness

The hardness of Mg-Nd-Fe-B alloys, as illustrated in Figure 11, depends on their specific composition and
processing conditions. However, the most relevant available data pertains to the Mg-Nd binary alloy, which
serves as the foundation for many Mg-Nd-Fe-B systems. For magnesium-neodymium master alloys,
the Vickers hardness is typically in the range of 63-67 Hv. These alloys are valued for their precipitation
strengthening effect, and the addition of neodymium to magnesium significantly improves hardness and

mechanical properties compared to pure magnesium [34].

When iron (Fe) and boron (B) are present, as in Nd-Fe-B or Mg-Nd-Fe-B alloys, the microstructure becomes
more complex, often containing hard intermetallic phases such as Nd:FeisB. This phase is known for its high
hardness and is the principal phase in neodymium magnets. Also, the combination of Mg with Nd, Fe, and B,
as listed in Table 3, can result in a multiphase microstructure with hard boride and intermetallic phases
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dispersed in the Mg matrix (e.g., Mgi2Nd, FeB, Fe:B). The result showed that the alloy with a magnetic
content 30% had the highest hardness.

Specific Vickers hardness values for the full Mg-Nd-Fe-B system are not widely published in the open
literature. However, the presence of Nd:Fe:«B and similar intermetallics would be expected to further increase
the overall hardness compared to the Mg-Nd binary alloy alone [35].
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Figure 11. Relation between Vickers hardness of Mg-NdFeB and NdFeB magnet content

Table 2. Alloying effects on hardness for different elements and phases [36]

Element/Phase Effect on hardness Notes
Mg Low base hardness Ductile, lightweight
Nd Increases hardness Precipitation and solid solution hardening
Fe Increases hardness Forms hard borides with B
B Strongly increases hardness Forms FeB, Fe;B phases
Nd-Fe-B Very high hardness (500-650) Hv Used in permanent magnets
Mg-Nd Hardness increases with Nd content Up to an optimal Nd concentration
Fe-B phases Extremely high microhardness FeB: up to 27 GPa, Fe;B: up to 21 GPa

4. Conclusion

The influence of the content of NdFeB on the electrochemical corrosion behavior of Mg-Nd-Fe-B alloys in
3.5% NaCl solution was systematically studied. The Mg-NdFeB showed better resistance against corrosion,
especially at 30% content. The presence of the magnet promoted uniform and dense growth of the corrosion
product film due to the formation of stable secondary phases, such as MgiNd and Nd:FewsB, which are
distributed at grain boundaries and act as microscopic barriers that reduce the progression of localized
corrosion and reduce direct interaction between the magnesium matrix and the chloride medium which leading
to a decrease in the corrosion rate. Due to the complexity of NdFeB content affecting the corrosion resistance
of Mg-Nd-Fe-B alloys, more research needs to be done to explore other proportions of Nd and NdFeB and
their effects on the corrosion resistance of Mg-Nd-Fe-B alloys. The presence of iron (Fe) and boron (B), as
observed in Nd-Fe-B or Mg-Nd-Fe-B alloys, contributes to a more intricate microstructure, frequently
incorporating hard intermetallic phases such as Nd:Fe1sB. This specific phase is renowned for its substantial
hardness and serves as the primary phase in neodymium magnets. Furthermore, the amalgamation of
magnesium (Mg) with neodymium (Nd), iron (Fe), and boron (B) may lead to a multiphase microstructure
characterized by the distribution of hard boride and intermetallic phases within the magnesium matrix.
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